An insertion sequence element of Mycobacterium avium subsp. silvaticum was isolated and its complete nucleotide squence determined. IS902 is 1470 bp in size and is repeated 1&12 times per genome. An open reading frame of 1200 bp was identified, encoding a protein product of Mr 43932. This protein is highly similar to the predicted proteins of IS900 of Mycobacterium paratuberculosis, IS116 of Streptomyces clavuligerus and IS1 10 of Streptomyces coelicolor. IS902 lacks terminal inverted repeats and flanking direct repeats but displays insertion site specificity.
Introduction
IS900, identified in a Crohn's disease isolate of Mycobacterium paratuberculosis, was the first mycobacterial insertion sequence (IS) element to be reported and characterized . IS900 showed homology to the previously identified IS110 of Streptomyces coelicolor (Bruton & Chater, 1987) and more recently to IS116 of Streptomyces clavuligerus (Leskiw et al., 1990) . Together, these elements appear to constitute a family of related IS elements and are distinct from the IS elements and IS-like repetitive DNA sequences identified in Mycobacterium tuberculosis (Eisenach et al., 1988 ; Hermans et al., 1990; Thierry et al., 1990) , Mycobacterium leprae (Clark-Curtiss & Docherty, 1989) and Mycobacterium fortuitum (Martin et al., 1990) .
When used as a probe, IS900 identified restriction fragment length polymorphisms (RFLPs) able to distinguish between mycobacterial species (McFadden et al., 19876; Hampson et al., 1989) . On the basis of their respective RFLP patterns, M. paratuberculosis and the closely related Mycobacterium avium could be differentiated with considerable ease. When hybridized with IS900, a woodpigeon strain of M. avium [recently designated M . avium subsp. silvaticum by Thorel et al. (1990) l produced a unique multi-banded RFLP pattern Abbreviation : RFLP, restriction fragment length polymorphism.
The nucleotide sequence data reported in this paper have been submitted to EMBL and have been assigned the accession number X58030. (McFadden et al., 1988) , suggesting the presence of an IS900-related IS element within the genome of this organism.
Mycobacterium paratuberculosis causes chronic enteritis in cattle and other animals (Chiodini et al., 1984a) and growing evidence points to the involvement of this organism in Crohn's disease in humans (Chiodini et al., 1984 b, c ; McFadden et al., 1987 a ; Sanderson et al., 1991) . M . avium subsp. silvaticum can also cause chronic enteritis in animals (Matthews & McDiarmid, 1979) and preliminary work (M. T. Moss, unpublished results) suggests that this organism may also be involved in Crohn's disease.
In this paper we report that IS902, the IS900-related element from M. avium subsp. silvaticum, has the characteristic features of the previously proposed family of unique IS elements Leskiw et al., 1990) . Target sites for IS902 insertion have been identified and their comparison with the insertion sites of IS900 and IS116 revealed conserved motifs. The amino acid sequences encoded by these elements were similarly observed to show a high degree of homology. 3 This study.
by Visuvanathan et al. (1989) . Following two phenol/chloroform extractions, genomic DNA was recovered by ethanol precipitation.
Genomic libraryproductwn. M . avium subsp. silvaticum genomic DNA (isolate 0016) was digested for 1 hat 37 "C with 1 unit of BamHI per pg of total DNA. DNA fragments were fractionated by electrophoresis on a 1 % (w/v) agarose gel. The 1-5 kb fragments were isolated from the gel using a Geneclean kit as described by the supplier (Bio 101), then ligated into the BamHI site of pUC18. Recombinant plasmids were cloned into the Escherichia coli DH5 (Gibco BRL) using standard techniques.
DNA probes andgenomic library screening. A 1.5 kb NruI fragment of pMB22 containing the entire IS900 element was labelled with [a-32P)dCTP (ICN Biomedicals) by the random hexanucleotide priming technique of Feinberg & Vogelstein (1984) . Colony Iifts and Southern blots (Southern, 1975) were hybridized with this radiolabelled probe. Hybridizations were camed out at 65 "C overnight, as described previously . Membranes were washed at 65 "C in 3 x SSC, 0.1% SDS for 2 x 30min, prior to autoradiography (1 x SSC is 0.15 M-NaCl, 0.015 M-trisodiUm citrate, pH 7-0).
Sequencing strategy. Two clones, pZM22 and pZM25, were subjected to double-stranded DNA sequencing by the chain-terminating method (Sanger et al., 1977) using Sequenase (USB), and 10% (v/v) DMSO. In each sequencing reaction, long of primer was used with 1 pg of linearized plasmid DNA. The reaction mixes were electrophoresed through 6% and 8% (w/v) acrylamide gels, in the presence or absence of 40% (v/v) formamide. Sequencing data were initiated from sequencing primers F and R, which flank the multicloning region of pUC18. Primer F (5'-AACAGCTATGACCATG) is equivalent to the M13 reverse primer and primer R (5'-GTAAAACGACGGCCAGT) is the M 13 'universal' primer. New sequencing primers were selected from the newly determined sequences, chemically synthesized (Oswel DNA Services) and used to extend the DNA sequences in the direction 5' to 3'. Using this strategy, overlapping sequences were generated, extending along both strands of the two clones.
Computer analysh of nucleotide and predicted amino acid sequences.
Sequence data were assembled and analysed on a PC AT using Staden-Plus software (Amersham). Codon usage analysis (Staden & McLachlan, 1982) and comparison with IS900 was used to determine the open reading frame (ORF) within IS902. The CLUSTAL program (Higgins & Sharp, 1988) [running via SEQNET at SERC Daresbury] was employed for the comparison and alignment of the nucleotide sequence and predicted protein sequence of IS902 with the ORFs of IS900 ( M . paratuberculosis), IS1 16 (Streptomyces clavuligem) and IS1 10 (Streptomyces coelicolor A3 (2)).
Results
Southern blots of BamHI-digested M. avium subsp. sifvaticum isolates (Table 1) were hybridized with radiolabelled IS900 (see Methods). Multiple banding patterns were observed (data not shown), confirming the existence of multiple copies of an IS900-related insertion sequence (IS) element within the genome of the M. avium subsp. silvaticum isolates. This element has been designated IS902. The multiple banding patterns differentiated the 10 isolates into three RFLP types. One isolate exhibited the RFLP type 1 pattern, three isolates exhibited the RFLP type 2 pattern and six isolates the RFLP type 3 pattern (Table 1) . Fig. l (a) shows one example of each of the three RFLP type patterns. The varying intensities of the hybridizing bands are due to the presence of doublets and/or bands carrying more than one copy of the element.
A genomic library was constructed with DNA from isolate 0016. Colony lifts of about 4000 recombinant clones were screened with radiolabelled IS900 (see Methods) and two clones, pZM22 and pZM25, hybridizing strongly with this probe were recovered. Characterization by restriction mapping and Southern blotting (data not shown) confirmed that the two clones were unique isolates, each containing a complete copy of IS902. The restriction site profile of pZM22 is shown in Fig. 2 . The restriction site profiles of both clones only differed within the genomic DNA flanking their respective copies of IS902.
The 2.3 kb insert of clone pZM22 and the 2.5 kb insert of clone pZM25 produced identical multiple banding patterns when used to probe Southern blots of the 10 M. avium subsp. silvaticum isolates (data not shown). The three RFLP patterns identified with these two copies of IS902 were virtually identical (a solitary band did not hybridize) to the patterns obtained when the isolates were probed with radiolabelled IS900 (Fig. la) . The missing band (identified by arrowheads in Fig. 1 a) may represent a single copy of a second IS element present in the genome of these isolates which shows more homology to IS900 than to IS902. This element was identified in all 10 M. avium subsp. silvaticum isolates (data not shown). Fig. 1 (b) records the results of probing the Southern blot shown in Fig. 1 (a) with the radiolabelled insert of clone pZM22. With IS902 containing no internal BamHI sites the hybridization results suggest the presence of 10-12 copies of the IS902 element within the M. avium subsp.
IS902 of M . avium subsp. silvaticum 141 silvaticum genome. IS900 is repeated 15-20 times in the M . paratuberculosis genome. Clones pZM22 and pZM25 were each sequenced in both directions and in a similar manner. Fig. 2 outlines the strategy used to sequence IS902 in clone pZM22. The complete nucleotide sequence of IS902 is shown in Fig. 3 .
The element is 1470 bp in length, with an overall G + C content of 62 mol%, the same as the G + C composition of the host genomic DNA which flanks the element. Homologies were observed with IS900 of M . paratuberculosis , IS216 of S. clavuligerus (Leskiw et al., 1990 ) and IS220 of S. coelicolor (Bruton & Chater, 1987) . DIAGON plots comparing these sequences identified the 3' end as the region showing the greatest homology between the four IS elements (data not shown).
Weak homology was also observed with IS2000 from Thermus thermophilus (Ashby & Bergquist, 1990) . Comparison (1) of the sequence of the two copies of IS902 for their points of divergence and (2) with the endpoints and putative insertion site sequence of IS900 allowed identification of the 5' and 3' termini of IS902.
Analysis of the sequences adjacent to the 5' and 3' termini revealed that, in common with IS900 and IS2 26, IS902 contained neither flanking direct repeats nor terminal inverted repeats. However, analysis of the sequences flanking IS902 in clones pZM22 and pZM25 identified sequences (CATN,CCTTC and CATN,CCTTC, respectively) similar to the putative insertion site sequences described for IS900 and IS2 26. Fig. 4(a) shows the putative insertion site sequences for two copies of IS902, five copies of IS900 and a single sequence for this family of related IS elements is shown insert of pZM22. Lanes: 1, Hind111 digest of 1 DNA; 2, isolate 0016 (RFLP type 1); 3, isolate 0013 (RFLP type 2); 4, isolate ooo9 (RFLP type 3). The arrowheads in (a) indicate a second ISWrelated IS in Fig. 4(b) .
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970 900 990 1000 1010 1020 respectively of both junctions of the IS226 and IS900 elements, and suggested their involvement in the alignment of a circular transposition intermediate and its insertion site sequence. These sequences were similarly found at the 5' and 3' element-insertion site junctions of IS902. Our analysis of two copies of IS902, five copies of IS900 and a single copy of IS226 revealed that the spacing between these two sequences is invariably 5-9 nucleotides for the 5' CAT/CCT pairing and 7-9 nucleotides for the 3' CAT/CCT pairing (Fig. 50) . Consensus sequences for the 5' and 3' element-insertion site junctions of this family of related IS elements are shown in Fig. 5(b) . An ORF of 1200 nucleotides was identified within the 1470 bp of IS902. Occurring between positions 225 and 14 1 8, ORF 1200 encodes a protein of 400 amino acids ( M , 43932). When the amino acid sequence of ORF1200 was aligned with those of the ORFs of IS900, IS226 and IS220 using the CLUSTAL program, values were obtained for the degree of homology existing at the amino acid level between the protein products of these four elements. IS902 showed 50% identity with both IS900 and IS226 and 35% identity with IS220 (data not shown). DIAGON plots comparing the amino acid sequence of ORF 1200 of IS902 with the ORFs of IS900, IS126 and IS220 were prepared (Fig. 6) . The highly conserved regions existing between the protein products of these four IS elements are identified as a broken diagonal. (b) , the predicted protein of ORF1197 of IS116 (horizontal); (c), the predicted protein of ORF1215 of IS110 (horizontal) . DUGON plots were prepared by proportional matching using the Dayhoff MDM78 matrix. Span length 11 amino acids.
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Discussion
A previously uncharacterized insertion element has been identified and isolated from the genome of a deer isolate of M. avium subsp. silvaticum. This element has been designated IS902. Analysis of Southern blots hybridized with IS902-derived probes suggests that there are 10-12 copies of the element dispersed throughout the genome. The presence of different numbers of copies of IS902 in these isolates raises the possibility that this element is mobile. In 10 independent disease isolates of M. avium subsp. siluaticum examined to date, three RFLP patterns have been identified. IS902 will be as useful in the precise identification of strains of M . avium subsp. silvaticum as IS900 has proven to be in the identification of M. paratuberculosis strains (Collins et al., 1990; Whipple et al., 1990) . The element is 1470 bp in length with an ORF of 1200 nucleotides, coding for a protein of 400 amino acids (Mr 43932). The ORF of IS902 and its predicted protein product are virtually identical in length and size to those of IS900 , IS116 (Leskiw et al., 1990) and IS210 (Bruton & Chater, 1987) .
The overall homology at the nucleotide level between IS902, IS900, IS116 and IS110 is low. Greatest homology exists between these four elements in their 3' regions. IS902 shows no homology with the recently identified IS6110, an ISJ-like element from M. tuberculosis (Thierry et al., 1990) and IS6100, an IS6-like element from M. fortuitum (Martin et al., 1990) . Weak homology was observed with IS1000 from Thermus thermophilus (Ashby & Bergquist, 1990) .
M . T. Moss and others
CLUSTAL analysis and DIAGON plots revealed significant homology between the amino acid sequence of the protein product of IS902 and those of IS900, IS116 and IS110. The degree of conservation existing between the predicted protein products of these four elements presumably reflects important structural domains and is highly suggestive that these proteins will exhibit comparable functions. The homologies found with IS900, IS1 16 and IS110 support the proposal that IS902 belongs to the family of IS elements identified by ourselves ) and by Leskiw et al. (1990) . No significant homology was observed between IS902 and the putative mycobacterial transposase of IS6100 or the putative mycobacterial integrase of Tn610 (Martin et al., 1990) .
An insertion site sequence sharing sequence homology with the previously described target sites of IS900 and IS116 was identified for IS902 insertion into the M. avium subsp. silvaticum genome. Although each of these IS elements has its own unique target site sequence, the sequences CAT and CCT are constant features of each of them. The spacing between the CAT and CCT sequences is most probably an important feature of the target sites. Examination of eight insertion site sequences for IS902, IS900 and IS116 (Fig. 4) revealed that the CAT and CCT sequences were invariably separated by 6-9 nucleotides. It was also observed that insertion of the appropriate IS element resulted in positioning an internal CCT sequence within 5-9 nucleotides of the insertion site CAT and positioning an internal CAT within 7-9 nucleotides of the insertion site CCT sequence (Fig. 5) . Successful insertion of the appropriate element would appear to recreate CAT/CCT sequence spacing comparable to the original insertion site. Analysis of the nucleotide sequences adjacent to the IS902 termini revealed an absence of flanking direct repeats and terminal inverted repeats, features characteristic of most IS elements previously characterized. In this respect, IS902 again resembles both IS900 and IS116, which also lack these features. M . paratuberculosis and M . avium subsp. silvaticum cause chronic enteritis (Johne's disease) in animals (Chiodini et al., 1984a; Matthews & McDiarmid, 1979) and evidence is gathering for their involvement in human Crohn's disease (Chiodini et al., 19846, c ; McFadden et al., 1987a; Sanderson et al., 1991) . On the basis of the IS902 nucleotide sequence, we are currently developing PCR for the specific and sensitive detection of M. avium subsp. silvaticum to complement the previously described PCR for the detection of M.
paratuberculosis (Moss et al., 1991) . Together these PCR assays will prove useful for the detection of these enteritis-associated mycobacteria both in the veterinary field and in human Crohn's disease.
Note added in proof. Since submitting this manuscript we have discovered that an insertion sequence from Mycobacterium avium has been independently characterized by Kunze et al. (1991) , Molecular Microbiology 5, 2265-2272. This shows 98% DNA homology to IS902 and has been designated IS901.
